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Introduction
Energy source for a variety of portable and modern electronic devices is provided through a battery. The ever growing demand for batteries with improved specific capacity and high energy density has promoted strong interest on developing other potential electrode materials for battery applications. In recent years, ordered olivine structure LiMPO 4 (M = Fe, Mn, Co or Ni) are considered as next generation cathodes due to its high specific capacity and improved coulombic efficiency. The olivine intercalants perform superior due to their strong covalent bonding between phosphorous and oxygen atoms in phosphate polyanions [1, 2] .
However, the available organic solvents (restricted the charge regime to ~4.8 V) limit the utilization of olivines [3] .
An alternative approach is aqueous solutions with LiOH electrolyte [3] . A pioneering work on intercalation materials such as LiCoO 2 and LiMn 2 O 4 in aqueous solutions is also well reported [4] [5] [6] [7] . The ionic conductivity of aqueous electrolytes is two orders of magnitude greater than that of some organic electrolytes, allowing higher discharge rates and lower voltage drops due to electrolyte impedance. The main disadvantage of using an aqueous electrolyte is that the battery voltage is limited to ~2 V. To offset the effects of this voltage limit, the storage capacity and the charge-discharge characteristics of the aqueous electrolyte system must be significantly superior to those of the organic (non-aqueous) system. The suitability of olivines as cathodes for aqueous rechargeable batteries has been well studied and reported by us [3, [8] [9] [10] [11] . These were focused on the electrochemical performance of lithium insertion/extraction into an olivine cathode in aqueous LiOH electrolyte. One of the main drawbacks with using these olivines is their poor electronic conductivity, [2, 12] and this limitation had to be overcome through materials processing 3 mixed metal atom dopants in the olivine structure [12] . The olivines have been generally synthesized by conventional solid state (SS) reaction involving prolonged heat treatment at high temperature to attain phase pure compound. This solid state processes lead to agglomeration of particles, unevenly distributed particle size [13] and final products containing contaminations from the crucibles like silica or alumina particles.
Compared to the solid-state method, sol-gel (SG) (wet chemistry) is a promising technique to synthesize materials at lower temperature to obtain controlled particles size, that is evenly distributed and in-situ conductive coatings by addition of suitable precursors [13] .
Owing to the mechanism of molecular level tuning of dispersed metal ions in network formation (gelation), even small fractional amount of metal atom substitution at preferred positions is obtained. Most commonly, organic solvents (gels) like citric acid, ascorbic acid and ethylene glycol are used as chelating agents [14] in the sol-gel process for synthesizing in-situ carbon coated cathode. Degradation of these gels leaves uneven carbon coating on the active material that does not show substantial improvement in electrochemical performance while compared to uncoated cathode [15] . This drawback is due to a lack of network between precursor and the cathode particles [15] .
Recently, sol-gel derived organic -inorganic hybrid materials using polymer assisted transition metal composites have attracted great interest as a potential electrode material for battery systems [16, 17] . Here, we propose to overcome the drawbacks seen in the above said chelating agents by choosing a novel homopolymer polyvinylpyrrolidone (PVP) chelating agent. When PVP is added to the metal colloidal dispersion, its non-ionic surfactant property makes PVP to readily dissolve in water and the imide group (N and O atoms) establishes strong affinity to a single unit of metal colloid. This imide and metal 4 bonding stabilize the particle growth and increase the probability of nucleus formation [18] [19] . Further, sintering of this complex melts PVP and decomposes. The decomposed product is expected to be a new organic molecule instead of simple carbon residue that is trapped on the cathode surface. This trapped organic interface between the solid electrode particles and electrolyte increases the electrolyte penetration (lithium ion mobility) and gives improved conductivity [15, 20] .
In this paper, we report PVP assisted sol-gel method to synthesise LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 cathode that will be an organic -inorganic hybrid composite and for comparison the identical olivine compound was also synthesized by conventional solid-state (SS) method. Preferred olivine phase LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 was obtained for both SS and SG routes, but the SG derivation showed small primary particle size with a well distribution of carbon coating in the composites. Improvement in physical and electrochemical properties of the synthesized hybrid composite cathode is demonstrated with Zn anode in LiOH electrolyte in an aqueous rechargeable battery.
Experimental

Materials
Solid state (SS) synthesis of LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 was performed while mixing a stoichiometric amount of precursors containing lithium carbonate, cobalt oxalate, manganese oxide, nickel oxide and ammonium dihydrogen phosphate. The stoichiometric reactants were mixed with ethanol in a mortar and pestle. After mixing the ingredients for 30 min, the mixture was dried at 80°C for 1 h in a hot air oven. The dried powder was collected in a crucible and given a two-step heat treatment in a muffle furnace in air atmosphere. In first step the powder was heated to 375°C for 12 h, and then it was crushed and ground. Then the A c c e p t e d M a n u s c r i p t 
Instrumental Methods
Thermo gravimetric analysis (TGA) for the precursor phase of SS and the transparent gel phase in SG was conducted using a TA instruments (SDT 2960 Analytical XL series 20). X-ray photoelectron spectroscope (Kratos Ultra Axis
Spectrometer) was used to analyze the chemical binding energy of the samples using monochromatic AlKα (1486.6 eV) radiation. The X-ray photoelectron spectroscopy (XPS)
analysis was started when the pressure in the analysis chamber fell below 1 x 10 -9 hPa.
Electrochemical measurements
An EG&G Princeton Applied Research Versa Stat III model was used to scan the potential at 25 µV/s in all cyclic voltammetric (CV) experiments. Hg/HgO purchased from Koslow Scientific served as the standard reference electrode. The cell design and its experimental procedures for the galvanostatic and slow scan cyclic voltammetric studies were made in a similar way to that described in our earlier report [21] . galvanostatic experiments, the cell was discharged/ charged galvanostatically using an 8 channel battery analyzer from MTI Corp., USA, operated by a battery testing system (BTS).
Results and Discussion
Thermogravimetry ( A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 attributed to the release of ammonia and physically adsorbed water from the precursor mix.
The DSC curves indicate that these processes are endothermic and the corresponding peaks are found at 218°C and 299°C for SS, 130°C and 225°C for SG [22] . Finally, TG curve shows steep weight loss in between 310°C and 650°C for SS, 320°C and 450°C for SG. The corresponding DSC curve indicates that these processes are highly exothermic around 350°C
in both the samples. This is due to the thermal decomposition of the ingredients to form LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 olivine phase. In the case of SG, weight loss in this region is high (22%), due to combustion of nitrate ions present in PVP [23] . The second DSC curve indicating the exothermic reaction in SG at 439°C is due to degradation of pyrrolidone ring in PVP [20, 24] . The TG curves clearly show that in SG only a trace amount of weight loss (due to slow decomposition of carbon and nitrogen) was found beyond 450°C, however, in SS weight loss was extended till 650°C. In SS, the broad exothermic peak found at 801°C has no significant weight loss evidenced in the curve TG, which is just ascribed to reorganization of the crystal lattice [12] . Although TG-DSC analysis showed 650°C (SS) and 450°C (SG) are suitable enough for the formation of the solid olivine phase LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 , we have extended until 800°C (SS) and 600°C (SG) in order to achieve better crystallization. The SG sample synthesised at 600°C, contains a trace amount of carbon and nitrogen.
The X-ray diffraction (XRD) patterns of the synthesised olivine LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 compounds by both SS and SG methods are shown in Fig. 2 . All of the observed diffraction peaks are assigned to the olivine structure indexed by orthorhombic Pmna (JCPDS: 01-085-0002). As each of our mixed dopants has a comparable ionic radius it is preferred to crystallize in an olivine phase. It could be also confirmed that although the 8 thermal decomposition was observed so high with a corresponding weight loss (22%) for SG sample (in Fig 1b) but the XRD patterns (in Fig. 2b ) are well crystallized and phase pure without any detectable impurities. However, a small peak split was observed (Fig. 2b) compounds with different lattice parameter leads to the peak splitting [25] [26] . It is also observed that XRD pattern of SG (Fig. 2b ) has broader and higher intensity peaks as compared to those of SS (Fig. 2a) showing the ability of PVP assisted sol-gel resulted in high crystalline finer particles even at the low temperature synthesis route. The FT-IR spectra ( [20, 24] (in Fig. 3b ) related to C=O group (due to PVP)
confirmed that the tailoring of mixed dopants and organic PVP assisted SG synthesised composite cathode does not affect the olivine structure [11, 29] .
Microstructural images of synthesized olivine LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 cathode observed by SEM analysis are shown in Figure 3 . It shows typical powder morphologies for SS sample (Fig. 4a) , showing irregular particle size distribution with agglomerations compared to SG samples (Fig. 4b) . The SG composites have much smaller primary microparticles size that is evenly distributed. The smaller particle size could reduce the diffusion length within the composite cathode, in turn improving the ionic diffusivity. The difference in particle size and its distribution observed within SS and SG were mainly due to the reaction temperature and the nature of precursors [13] that is shown schematically in Fig. 5 [15, 30] . In SG, the precursors are homogeneously dispersed by vigorous stirring. The addition of PVP chelating agent bonds the discrete active material dispersion onto the PVP backbone and stabilizes particle growth by surrounding the particles with its long polymeric chain. Moreover, the strong hydrogen bond between PVP amide group and metal ion hydroxyl group hinders the condensation reaction and promotes the stress relaxation in the heating-up processes. Hence, during sintering process, PVP is trapped as an organic layer over the active material that extends the homogeneity between the particles [31] .
We also examined the presence of elements and the type of carbon present in the composite cathode. X-ray photoelectron spectrometry (XPS), a powerful tool for surface studies is employed for this study. A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 Gaussians. Fig. 7a-b show the XPS spectra of C (1s) for the LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 cathode synthesised by SS and SG methods. Two types of carbon peaks were observed for SG (Fig.   7b ), one at 282 eV could be assigned to hydrocarbons from XPS instrument, and the other at 286 eV could be associated to carbon from PVP. Whereas for SS sample (Fig. 7a) , only one carbon peak at 282 eV peak due to hydrocarbon is observed. The presence of N(1s) peak at 409.62 eV in the wide scan spectrum (Fig. 6b) is quite well observed for SG and no significant peak was observed (Fig. 6a) for SS. The peak N(1s) is due to nitrogen atoms from PVP, this is consistent with the proposed synthesis mechanism [35] [36] . The presence of PVP component in XPS spectra clearly shows that the role of PVP is unique and different from the other chelating agents like citric acid and ascorbic acid etc. For an example, in citric acid assisted sol-gel, thermal decomposition of citric acid leads to residual carbon as a coating over the cathode material. In the case of PVP, the polymer gradually melts and then decomposed into a new organic molecule (combination of nitrogen and carbon) which gets coated uniformly over active material thereby having a colloidal formation (as seen in schematic diagram Fig. 5 ) [15, 19] . This affinity between the particles enhances the intercalation rate in the cathode.
To examine the electrochemical activity of these synthesized cathodes, cyclic voltammetry ( Fig. 8) and A 2 = -22mV) and two cathodic peaks (C 1 = -282mV and C 2 = -217mV) were observed.
The redox potentials observed for this SG composite is consistent with the values reported earlier [11, 37] . Controlled particle growth and particle to particle utilization uniformity arising from the presence of PVP as chelating agent resulted in the improved electrochemical performance.
The charge-discharge capacities for olivine LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 synthesised by SS and SG processes and its efficiency observed in continuous cycling are shown in Figs. 9-10. A charge reaction is conducted before the first discharge reaction. The unique behavior for SG (Fig. 9b & 10b) shown here is the specific capacity of the composite cathode started with an initial discharge capacity of 45 mAh.g -1 then increases to 60 mAh.g -1 over the initial 25 cycles and gets stabilized there on. The observed capacity for the aqueous electrolyte within the 1.0 V cut-off region is 60 mAh/g which is 40 % lower than the theoretical capacity. This enhanced behavior is not widely reported, however, similar trend was observed with PPy/LiFePO 4 composite [38] and the authors suggested it could be due to the change in volume of coated polymer layer for an initial oxidation and then the structure is stabilized [38] . This organic interface between electrode and electrolyte, leads to the high rate of lithium ion diffusivity with better capacity retention. In contrast to the reversible capacity of the SG sample, the SS samples (Fig. 9a & 10a ) yields declining capacities of 30 and 20 mAh/g for the 10 th and 20 th cycles. The improved electrochemical performance for SG sample proves that the affinity between the particles with the aid of PVP enhances the intercalation rate in the cathode [39] .
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Conventional SS derived olivine sample causes particle agglomeration (Fig. 4a) which slows Li + diffusion into the cathode. Furthermore, a poor surface conductivity hampers the reversibility upon multiple cycling that resulted in quick capacity fading (in Fig.   10a ). While SG derived olivine sample is homogenous (Fig. 4b) and ionically conductive that facilitates Li + transfer from the LiOH electrolyte to the olivine cathode particles leading to an improved capacity as seen in Fig. 10b .
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